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Abstract
Longitudinal in vivo proton magnetic resonance spectroscopy (1H-MRS) and immunohistochemistry were per-
formed to investigate the tissue degeneration in traumatically injured rat spinal cord rostral and caudal to the
lesion epicenter. On 1H-MRS significant decreases in N-acetyl aspartate (NAA) and total creatine (Cr) levels in
the rostral, epicenter, and caudal segments were observed by 14 days, and levels remained depressed up to 56
days post-injury (PI). In contrast, the total choline (Cho) levels increased significantly in all three segments by
14 days PI, but recovered in the epicenter and caudal, but not the rostral region, at 56 days PI. Im-
munohistochemistry demonstrated neuronal cell death in the gray matter, and reactive astrocytes and axonal
degeneration in the dorsal, lateral, and ventral white-matter columns. These results suggest delayed tissue
degeneration in regions both rostrally and caudally from the epicenter in the injured spinal cord tissue. A rostral-
caudal asymmetry in tissue recovery was seen both on MRI-observed hyperintense lesion volume and the Cho,
but not NAA and Cr, levels at 56 days PI. These studies suggest that dynamic metabolic changes take place in
regions away from the epicenter in injured spinal cord.
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Introduction
Traumatic spinal cord injury (SCI) results in devas-tating loss of sensory and motor functions and adversely
affects multiple organs within the body. The pathobiology of
SCI is characterized by the primary mechanical insult fol-
lowed by activation of a delayed secondary cascade of bio-
chemical events that ultimately causes progressive tissue
degeneration, including neuronal cell death, axonal degen-
eration, and cavitation in the spinal cord (Baptiste and Fehl-
ings, 2006). The pathobiological changes of primary and
secondary damage in SCI can be monitored by quantifying
changes in metabolites such as N-acetyl aspartate (NAA),
lactate, and pyruvate (Falconer et al., 1996).
In vivo proton magnetic resonance spectroscopy (1H-MRS)
has been widely recognized as a valuable tool for noninvasive
monitoring of brain biochemistry in vivo in animals and hu-
mans. The metabolites most amenable to study with 1H-MRS
in the central nervous system (CNS) are NAA, total creatine
(Cr; includes both phosphocreatine and creatine), and total
choline (Cho; choline-containing compounds). Of these, NAA
has attracted the greatest attention since it is considered to be
a neuronal=axonal marker (Holly et al., 2009; Narayana,
2005). Cr is thought to be a marker of gliosis (Sajja et al., 2009),
and Cho is considered to be an indicator of cellular turnover
related to both membrane synthesis and degradation
(Carpentier et al., 2006; Holly et al., 2009; Narayana, 2005).
In contrast to its extensive use in brain, relatively few
in vivo 1H-MRS studies of spinal cords in animals have been
reported (Balla and Faber 2007; Bilgen et al., 2001; Silver et al.,
2001; Vink et al., 1989; Zelaya et al., 1996), and humans
(Blamire et al., 2007; Cooke et al., 2004; Edden et al., 2007; Ge,
2006; Gomez-Anson et al., 2000; Henning et al., 2008; Holly
et al., 2009; Kendi et al., 2004; Kim et al., 2004; Marliani et al.,
2007). This can be attributed largely to the relatively small size
of the spinal cord, magnetic susceptibility effects from the
surrounding bony structures and=or hemorrhage in the case
of acute injury, and the movement of the spinal cord during
physiological cycles (cardiac and respiratory). These factors
limit the ability to acquire MR spectra with adequate signal-
to-noise ratio (SNR). To the best of our knowledge, the use of
in vivo 1H-MRS for quantification of metabolites in spinal cord
in SCI has not yet been reported. In an earlier study, the fea-
sibility of acquiring high-quality MR spectra from a normal
rat spinal cord with an implanted coil was demonstrated
(Bilgen et al., 2001; Silver et al., 2001). In the present study,
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we measured the longitudinal changes in NAA, Cr, and Cho
in injured rat spinal cord between 14 days and 56 days post-
injury, and correlated the spectroscopic findings with im-
munohistochemistry.
Methods
Animals preparation
All surgical procedures and the subsequent care and
treatment of the animals used in this study were in strict ac-
cordance with the National Institutes of Health (NIH)
guidelines for animal care. These studies were approved by
our institutional animal welfare committee.
These studies were performed on Sprague-Dawley rats
weighing from 300–350 g. They were divided into two groups
of six animals each: laminectomy controls (without injury to
the cord) and injured. The spinal cord injury and RF coil im-
plantation procedures were performed as previously de-
scribed (Bilgen et al., 2001; Narayana et al., 2004). Briefly, the
animals were anesthetized with 4% isoflurane and main-
tained under anesthesia with a mixture of 2% isoflurane, air,
and oxygen, administered through a Harvard rodent venti-
lator (model 683; Harvard Apparatus, Holliston, MA) during
the entire surgical procedure. A laminectomy was performed
at the seventh thoracic vertebra (T7), and the T6 and T8 ver-
tebral processes were clamped to stabilize the vertebral col-
umn. A 150-kDyn force was delivered to the exposed cord to
produce a moderate level of injury using an Infinite Horizon
Impactor (Precision Systems and Instrumentation, LLC, Lex-
ington, KY). The control animals were subjected to lami-
nectomy alone and RF coil implantation. The animals were
allowed to recover in warmed cages and received subcuta-
neous injections of cephazone (15mg=kg; Bulter Schein Ani-
mal Health) twice a day for 10 days, and buprenorphine
(0.01mg=kg; Hospira, Inc., Lake Forest, IL) twice a day for 5
days. The animals were also administered subcutaneous in-
jections of saline twice daily for 5 days. The injured animals’
bladders were manually expressed twice daily by the method
of Crede until the return of spontaneous urination. Animals
had free access to food and water.
Magnetic resonance imaging=spectroscopy
measurements
Magnetic resonance imaging=spectroscopy (MRI=S) mea-
surements were performed on days 14, 28, and 56 post-injury
(PI). MR scanswere not performed in the acute phase of injury
because of concerns about high mortality. All MR studies
were performed with a 7 Tesla Bruker scanner (70=30 USR;
Bruker Biospec, Karlsruhe, Germany) equipped with a 116-
mm shielded gradient coil. The animals were placed in supine
position on a acrylic glass bed with a 3540-mm coil that was
inductively coupled to the implanted radio frequency (RF)
coil. For MR studies, the animals were anesthetized with an
induction dose of 4% isoflurane, and were then intubated and
mechanically ventilated with 2–2.5% isoflurane, 30% oxygen,
and 67.5–68% air, through a rodent ventilator (model 683;
Harvard Apparatus) for the duration of the scan (approxi-
mately 3 h). The respiratory rate and rectal temperature were
monitored throughout the experiment with a physiologic
monitoring unit (model 1025; SA Instruments, Inc., Stony
Brook, NY). A pulse oximeter (model 8600V; Nonin Medical
Inc., Plymouth, MN) was used to monitor heart rate and ox-
ygen saturation levels. For the duration of the experiment, the
animal’s body temperature was maintained at 36.58C with a
heating system (model 11007B; SA Instruments).
Following the acquisition of tripilot scan (for locating the
spinal cord), high-resolution dual spin echo images were ac-
quired using rapid acquisition with relaxation enhancement
(RARE) sequence (acquisition parameters: repetition time
[TR]¼ 3159 msec; echo times [TE1=TE2]¼ 21=64msec; field-
of-view (FOV)¼ 2626mm; slice thickness¼ 1.0=0.5mm
[axial=sagittal]; acquisition matrix¼ 256256).
Point-resolved spectroscopy (PRESS) sequence was used to
acquire localized 1H spectra from segments 3mm rostral
(þ3mm from the epicenter), at the lesion epicenter (the
laminectomy site in control animals; 0mm), and 3mm caudal
(–3mm from the epicenter), with voxel sizes of 223mm
(dorsal-ventralleft-rightcaudal-rostral; Fig. 1A). The ac-
quisition parameters were TR¼ 4000msec, TE¼ 20msec,
spectral width¼ 10,000Hz, 4 k data points, and 128 averages.
The total MRS acquisition time for each region was about
9min. The water signal was suppressed by variable power RF
pulses with optimized relaxation delays (VAPOR). A short TE
and moderately long TR were used to reduce the effects of
relaxation times on the estimated metabolite concentrations.
Pulse oximeter triggering was used for the MRS acquisition to
reduce artifacts arising frommovement of the spinal cord and
cerebrospinal fluid pulsation. The automated shimming rou-
tine provided by the scanner manufacturer, in our hands, did
not yield consistent results; therefore magnetic field shim-
ming was performed manually (line width of 15–25Hz).
The free induction decay was multiplied by an 8-Hz ex-
ponential line-broadening window function, Fourier trans-
formed, manually phased, and corrected for baseline before
quantitative measurements of peak areas using the standard
routines provided in the Bruker software TOPSPIN. In-
tegrated peak areas were measured and normalized to that of
the unsuppressed water resonance from the rostral segment,
which appeared normal on the RARE images.
Magnetic resonance imaging lesion volume analysis
The high-resolution RARE images were analyzed to de-
termine the lesion volumes using Image-Pro Plus 5.1 software
(Media Cybernetics, Inc., Silver Spring, MD). Intensity
thresholds for both hypointense and hyperintense lesions
were determined by comparison with the normal uninjured
spinal cord tissue. The thresholdswere applied to the elliptical
region of interest (ROI), encompassing the entire spinal cord
(Fig. 2). The hypointense and hyperintense lesion areas were
calculated for each slice, and the total volume of three slices in
each segment was determined.
Histology
Following the terminal MRI scans on day 56 PI, the animals
were transcardially perfused with saline, followed by 4%
paraformaldehyde in phosphate-buffered saline (PBS). The
spinal cords were removed, post-fixed overnight in 4%
paraformaldehyde, and then immersed in 30% sucrose-PBS
(0.1M PBS) for 2–3 days at 48C. The spinal cords were divided
into epicenter, rostral, and caudal segments, each 3mm long.
The segments were sectioned coronally at a thickness of 30mm
using a cryostat (model CM1800; Leica Microsystems, Inc.,
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Bannockburn, IL), and the sections were stored at 208C in
tissue-storing media.
The spinal cord sections were processed as free floating and
were incubated in the following antibodies: neuronal nuclei
(NeuN, 1:1000 MAB377; Millipore, Billerica, MA), glial fi-
brillary acidic protein (GFAP, 1:1000 Z0334; Dako North
America, Inc., Carpenteria, CA), myelin basic protein (MBP,
1:100 MAB381; Millipore), and neurofilament-heavy protein
(NF-H, 1:1000 AB1991; Millipore). The primary antibody was
diluted with blocking solution (0.1M PBS containing 5% goat
serum and 0.3% Triton X-100). For controls, only secondary
antibodies were applied to determine the antibody specificity.
Appropriate secondary antibody was used at a dilution of
1:500 in 0.1M PBS containing 5% goat serum and 0.3% Triton
X-100. The following Alexafluor dye-conjugated secondary
antibodies were used: goat anti-mouse IgG Alexa Fluor 488
(Invitrogen, Carlsbad, CA) and goat anti-rabbit IgG (HþL)
Alex Fluor 568 (Invitrogen). Tissue sections were viewed and
captured using a Spot Flex digital camera (Diagnostic In-
struments, Inc., Sterling Heights, MI) attached to a Leica
RX1500 upright microscope, and the images were collected
using the Spot software. The operator acquiring the images
was blinded to group.
Histological assessment
Quantitative analysis was performed using ImagePro Plus
software. Free-floating spinal cord sections (n¼ 8 sections=
animal) from both rostral and caudal segments of all animals
(n¼ 6 animals=group) were used for quantification of the
percentage areas or fluorescent intensities of NF-H, MBP, and
GFAP, and the numbers of NeuN-positive neuronal nuclei in
the defined ROI. Using the predefined threshold levels from
control spinal cord sections, the fluorescent intensities were
determined in both groups. The epicenter segment was not
analyzed due to the large amount of tissue damage. The nuclei
were quantified with ImagePro and verified by manually
counting neuronal nuclei. The operator performing the anal-
ysis was blinded to group.
Statistical analysis
All data are presented as mean standard deviation (SD).
One-way analysis of variance (ANOVA)was used to compare
the relative metabolite peak areas and lesion volume mea-
sured at the different time points, followed by a Dunnett’s
multiple comparison post-hoc test. The Mann-Whitney rank-
sum test was used to determine differences in the percent
expression of NF-H, MBP, and GFAP in the ROI. The differ-
ences in the total numbers of NeuN-positive neuronal nuclei
between control and injured animals were determined by
two-tailed unpaired Student’s t-tests, based on the assump-
tion that this measurement was normally distributed. A
p value <0.05 was considered statistically significant. Statis-
tical analysis was performed using SPSS 10.0 software (SPSS
Inc., Chicago, IL).
Results
Magnetic resonance imaging=spectroscopy
Hypointense and hyperintense regions extended both ros-
tral and caudal to the epicenter by 14 days PI (Fig. 2). The
hyperintense lesion volume was reduced over the course of
the study, and significant differences in the lesion volume
were observed in the epicenter and caudal segments between
14 and 56 days PI, while the change seen in the rostral segment
was much less pronounced, as shown in Figure 3. In contrast,
the volume of the hypointense lesion did not show any sig-
nificant change with time in any of the segments (Fig. 3).
A typical set of in vivo 1H-MR spectra acquired from
the rostral, epicenter, and caudal segments of laminectomy
control and injured rats at 14, 28, and 56 days PI is shown in
FIG. 1. The locations of voxels selected for in vivo proton
magnetic resonance spectroscopy (1H-MRS) measurement
(white open boxes) in the sagittal (A) and axial (B) orienta-
tions. The two dark circular regions at the right (in A) or
bottom (in B) of the images represent the edges of the copper
wire of the implanted radio frequency coil.
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Figure 4. Significant reductions in the NAA and Cr peak areas
relative to controls was observed in all three sections on days
14, 28, and 56 PI. The resonance signals at 0.85 ppm (lipids)
and 1.26 ppm (lipids=lactate) in the rostral, epicenter, and
caudal segments in injured rats were observed to be more
pronounced relative to control rats on days 14, 28, and 56 PI.
Figure 5 shows the temporal changes in the relative peak
areas (relative to water) of NAA, Cr, and Cho in the rostral,
epicenter, and caudal segments. The relative NAA peak area
in the control rats did not show any statistically significant
changes with time. However, in injured rats, by 14 days PI
there were marked decreases in the relative NAA peak area in
the rostral, epicenter, and caudal segments, by about 50%,
62%, and 49%, respectively. Even at 56 days PI, no significant
recovery in the NAA levels in these three segments was ob-
served. The relative Cr peak area showed similarly significant
decreases by 14 days PI in the rostral, epicenter, and caudal
segments (about 27%, 56%, and 34%, respectively), and re-
mained relatively constant up to 56 days PI. In contrast to
NAA and Cr, the relative Cho peak area increased signifi-
FIG. 2. Axial T2-weighted (repetition time=echo time [TR=TE]¼ 3159=64msec) images acquired from the spinal cord of an
injured rat on days 14, 28, and 56 post-injury (PI). Hypointense and hyperintense areas used in lesion volume measurements
are shown in the image slice at the epicenter on day 14 PI. The ellipse shown in the first image slice indicates the location of
the region of interest selected for in vivo tissue atrophy and lesion volume analysis (D, day).
FIG. 3. Temporal changes in the hypointense and hyperintense lesion volumes in rostral (upper row), epicenter (middle
row), and caudal (bottom row) spinal cord segments in the injured rats (D, day; error bars indicate standard deviations;
*p< 0.05).
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cantly, about 37%, 50%, and 28%, respectively, in rostral,
epicenter, and caudal segments by 14 days PI. The Cho levels
recovered gradually afterwards, and were no longer statisti-
cally significantly different from controls in epicenter and
caudal segments. However, statistically significant differ-
ences in the Cho levels relative to controls were still observed
in the rostral segment at 56 days PI.
Histology
In order to understand the pathological basis underlying
the in vivo 1H-MRS-observed changes in NAA, Cr, and Cho
levels, we used immunohistology to label axons, myelin,
astrocytes, and neurons. As an example, Figure 6 shows the
NF-H-, MBP-, GFAP-, and NeuN-stained histological sections
of spinal cord from the rostral segment of a control rat at 56
days post-surgery. The corresponding stains from rostral and
caudal sections of an injured cord on day 56 PI are shown in
Figures 7 and 8, respectively. A significant decrease in the
amount of neurofilament andmyelin in the rostral and caudal
segments was detected in injured animals (Fig. 9). These de-
creases were particularly marked in the dorsal, lateral, and
ventral white-matter regions. A significant decrease in the
number of NeuN-positive cells was observed in the rostral
( p< 0.05) and caudal ( p< 0.001) segments in injured animals.
The GFAP immunoreactivity indicated no statistically sig-
nificant differences between injured and control animals in
either the rostral or caudal regions ( p¼ 0.175 and p¼ 0.337,
respectively).
Atrophy
The injured spinal cord atrophies with time (Deng et al.,
2007). To evaluate spinal cord atrophy, we performed volume
analysis on both the high-resolution RARE images (in vivo)
and histological sections (ex vivo). The total volume of spinal
FIG. 4. In vivo proton magnetic resonance (1H-MR) spectra acquired from the rostral (upper row), epicenter (middle row),
and caudal (bottom row) spinal cord segments from a control rat and an injured rat, on days 14, 28, and 56 post-injury. The
spectra were acquired with repetition time¼ 4000msec and echo time¼ 20msec (D, day; NAA, N-acetyl aspartate; Cr, total
creatine; Cho, total choline).
FIG. 5. Relative integrated peak intensities of NAA, Cr, and Cho from the rostral (left column), epicenter (middle column),
and caudal (right column) spinal cord segments in control rats (n¼ 6) and injured rats (n¼ 6), measured on days 14, 28, and
56 post-surgery (D, day; NAA, N-acetyl aspartate; Cr, total creatine; Cho, total choline; *p< 0.05 compared to control rats;
#p< 0.05 compared to D56 by one-way analysis of variance [ANOVA] followed by Dunnett’s test; **p< 0.05 compared to D28
by one-way ANOVA followed by Dunnett’s test; error bars represent standard deviations).
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cord tissue based on the ROI analysis of the RARE images in
each segment was recorded for in vivo tissue atrophy evalu-
ation (Table 1). As shown in Table 1, by 56 days PI, there was
significant volume reduction in the rostral, epicenter, and
caudal segments compared to control levels, by about 17%
(10.893 1.403 versus 13.127 0.682, p< 0.05), 25% (10.040
 1.885 versus 13.423 0.909, p< 0.05), and 17% (11.119
 1.336 versus 13.475 0.772, p< 0.05), respectively.
For ex vivo evaluation of tissue atrophy, the average ROI
sizes defined in histological sections were determined for
control and injured animals and are summarized in Table 2.As
shown in Table 2, in ex vivo, statistically significant reductions
of tissue volume were detected in the rostral and caudal seg-
ments compared to control animals at 56daysPI, by about 25%
(1.973 0.357 versus 2.637 0.237, p¼ 0.001) and 32%
(1.857 0.270 versus 2.732 0.348, p< 0.001), respectively.
As can be seen from Tables 1 and 2, there was a mismatch
between the results for in vivo and ex vivo analyses in the tissue
atrophy in the rostral and caudal segments. This mismatch
could be due to the partial loss of non-organizedmaterial such
as cell debris and macrophages mixed with previous hemor-
rhage that filled the cyst during the preparation of the histo-
logical sections (Weber et al., 2006). To minimize this tissue
shrinkage during histology, we determined the corrected
percent areas of NF-H, MBP, and GFAP based on the as-
sumption that spinal cord tissue shrinkage occurred linearly
in the transverse direction (perpendicular to the spinal cord
axis). At 56 days PI, the corrected percent areas of NF-H and
MBP expression were further reduced compared to the un-
corrected values. The corrected GFAP expression decreased
significantly compared to control levels in both rostral and
caudal segments ( p¼ 0.009 and p¼ 0.004, respectively), as
illustrated in Figure 10.
Discussion
In this study, we investigated tissue degeneration in trau-
matically injured rat spinal cord in rostral, epicenter, and
caudal regions using in vivo MRI=S. MRS is perhaps the only
technique that can provide important information about
neuronal and axonal integrity. It has a high degree of rele-
vance in SCI and the subsequent neurodegeneration that is
known to occur. In the current study, MRS results were cor-
related with immunohistochemistry for a rational interpreta-
tion of the MRS- and MRI-observed changes. We believe that
these are the first in vivo longitudinal studies of 1H-MRS of
injured spinal cord in rats over a period of 56 days PI.
Metabolic changes and their relations to neuronal
and axonal degeneration after spinal cord injury
N-acetyl aspartate, a free amino acid, is almost exclusively
located in neurons and axons, and is the most prominent
signal observed in 1H-MRS of the CNS. Decreases in NAA
and the NAA=Cr ratio have been shown to be closely cor-
related with neuronal or axonal dysfunction=loss in cervical
spondylotic myelopathy (Holly et al., 2009) and multiple
sclerosis (Blamire et al., 2007; Mader et al., 2000; Narayana,
2005). Our MRS data showed that NAA levels decreased by
14 days, and remained relatively constant up to 56 days after
FIG. 6. NF-H-, MBP-, GFAP- and NeuN-stained histological images of spinal cord sections obtained from the rostral
segment of a control rat at 56 days post-surgery. (a, f, k, and p) Images made at 4original magnification. The images made
at 20original magnification show the gray matter (b, g, l, and q), dorsal (c, h, and m), lateral (d, i, and n), and ventral (e, j,
and o) regions of interest (ROI). The white open square in (a) shows the ROI selected for measurements of the percent areas of
NF-H, MBP, and GFAP expression, and the numbers of NeuN-positive neuronal nuclei. ‘‘Dorsal’’ and ‘‘Ventral’’ indicate the
orientation of the spinal cord section (NF-H, neurofilament-heavy protein; MBP, myelin basic protein; GFAP, glial fibrillary
acidic protein; NeuN, neuronal nuclei; scale bar¼ 1mm for 4 images and 100mm for 20 images).
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injury, in rostral, epicenter, and caudal spinal cord segments.
This NAA reduction is consistent with previous results that
found that in a similar animal spinal cord injury model NAA
levels in rostral and epicenter regions declined at 7 days PI
as measured by gas chromatography-mass spectrometry
(Falconer et al., 1996). Moreover, in our study, the results of
immunohistochemistry clearly showed that neuronal loss in
gray matter was accompanied by a loss of phosphorylated
neurofilament heavy chain and myelin basic protein in
dorsal, lateral, and ventral white-matter regions, which in-
dicated axonal loss and demyelination in these regions. As
pointed out in a number of reports, reduced NAA can also
reflect neuronal mitochondrial dysfunction (Demougeot
et al., 2001, 2004; Moffett et al., 2007; Narayana, 2005;
Signoretti et al., 2008, 2001). These findings indicate that the
NAA reductions seen in this study most likely reflect frank
neuronal or axonal loss and possibly metabolic dysfunction.
These results appear to indicate relatively little axonal=
neuronal injury in the regions distant from the epicenter by
day 56 PI.
Interestingly, compared to controls, NAA levels remained
around 30% in the epicenter segment in injured animals
where tissue, especially gray matter, was almost completely
damaged or lost. It could be that the residual NAA represents
molecules trapped in the cell debris of dead neurons (Sager
et al., 2000), and=or residual axons in the MRS voxels exam-
ined in this study.
The longitudinal changes in the Cr signal at 3.02 ppm fol-
lowed a similar time course as those observed for NAA. The
Cr levels in rostral, epicenter, and caudal segments showed
significant decreases by 14 days PI, and remained relatively
constant at all subsequent time points. Creatine and phos-
phocreatine, both of which contribute to the Cr pool, are
contained in both neurons and glial cells, and the level of Cr
has been shown to be higher in the latter (Urenjak et al., 1993).
The total concentration of creatine and phosphocreatine re-
mains relatively stable in vivo, and therefore their peak is often
used as an internal concentration standard (Malisza et al.,
1998). However, recent studies have suggested that the Cr
level may be altered in some disease states (Bitsch et al., 1999;
Higuchi et al., 1996; Konaka et al., 2003; Pilatus et al., 2009;
Simoes et al., 2008; vanWalderveen et al., 1999). UsingMRI=S
with biopsy correlations, Bitsch and associates found that the
Cr level was elevated in normal-appearing white matter in
patients with multiple sclerosis (MS), which has been attrib-
uted to glial proliferation since fibrillary gliosis with no evi-
dent neuronal=axonal damage or MR-detectable lesions were
observed in these regions (Bitsch et al., 1999). Interestingly, in
an animal model of transient cerebral ischemia, Konaka and
associates found a good linear correlation between the Cr
level and the density of reactive astrocytes, even with con-
sistent neuronal loss in the hippocampal CA1 sector during
reperfusion (Konaka et al., 2003). These studies suggest
that the Cr level might be an indicator of total cell density,
FIG. 7. NF-H-, MBP-, GFAP- and NeuN-stained histological images of spinal cord sections obtained from the rostral
segment of an injured rat at 56 days post-surgery. (a, f, k, and p) Images made at 4original magnification. The images made
at 20original magnification show the gray matter (b, g, l, and q), dorsal (c, h, and m), lateral (d, i, and n), and ventral (e, j,
and o) regions of interest (ROI). The white open square in (a) shows the ROI selected for measurements of the percent areas of
NF-H, MBP, and GFAP expression, and the numbers of NeuN-positive neuronal nuclei. Axonal degeneration in dorsal (c and
h), lateral (d and i), and ventral (e and j) white matter columns is clearly visible as a lack of stained NF-H protein and MBP.
‘‘Dorsal’’ and ‘‘Ventral’’ indicate the orientation of the spinal cord section (arrows represent reactive astrocytes; NF-H,
neurofilament-heavy protein; MBP, myelin basic protein; GFAP, glial fibrillary acidic protein; NeuN, neuronal nuclei; scale
bar¼ 1mm for 4 images and 100mm for 20 images).
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especially astrocytic density. The 30–60% decreases of the
Cr signal observed in the three segments by 56 days PI in our
study may be mainly the result of loss of the cell population,
for example neuronal loss in the gray matter. Although
GFAP-positive reactive astrocytes were observed in regions
surrounding the cavity in gray matter and dorsal, lateral, and
ventral white matter in the relatively intact spinal cord sec-
tions (Figs. 7 and 8), the percent area of GFAP expression
declined after correcting for the reduced volume due to tissue
shrinkage compared to control levels. It is therefore likely that
the low astrocyte population due to tissue shrinkage also con-
tributes to the reduction of Cr levels seen in the three spinal
cord segments.
In the current study, the total Cho levels in the rostral,
epicenter, and caudal segments were found to increase by
about 37%, 50%, and 28%, respectively, by 14 days after
FIG. 8. NF-H-, MBP-, GFAP- and NeuN-stained histological images of spinal cord sections obtained from the caudal
segment of an injured rat at 56 days post-surgery. (a, f, k, and p) Images made at 4original magnification. The images made
at 20original magnification show the gray matter (b, g, l, and q), dorsal (c, h, and m), lateral (d, i, and n), and ventral (e, j,
and o) regions of interest (ROI). The white open square in (a) shows the ROI selected for measurements of the percent areas of
NF-H, MBP, and GFAP expression, and the numbers of NeuN-positive neuronal nuclei. Axonal degeneration in dorsal (c and
h), lateral (d and i), and ventral (e and j) white matter columns is clearly visible as a lack of stained NF-H protein and MBP.
‘‘Dorsal’’ and ‘‘Ventral’’ indicate the orientation of the spinal cord section (arrows represent reactive astrocytes; NF-H,
neurofilament-heavy protein; MBP, myelin basic protein; GFAP, glial fibrillary acidic protein; NeuN, neuronal nuclei; scale
bar¼ 1mm for 4 images and 100 mm for 20 images).
FIG. 9. Percent areas of NF-H, MBP, and GFAP expression, and total number of NeuN-positive cells of eight sections in the
rostral (A) and caudal (B) segments of control and injured rats (-R, rostral; -C, caudal; error bars indicate standard deviations;
*p< 0.05; NF-H, neurofilament-heavy protein; MBP, myelin basic protein; GFAP, glial fibrillary acidic protein; NeuN, neu-
ronal nuclei).
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injury. The Cho levels recovered gradually afterwards, and
were no longer statistically significantly different from con-
trols in the epicenter and caudal segments. The recovery of the
Cho level in the rostral segment was nonetheless less pro-
nounced, and a significant increase was still observed com-
pared to control levels at 56 days PI. The Cho resonance at
3.02 ppm represents a number of mobile Cho compounds
(R-[CH3]3), including phosphorylcholine and glyceropho-
sphorylcholine, as well as free choline and acetylcholine
(<5%) (Moore and Galloway, 2002). Thus, the Cho peak is
generally considered to be a potential biomarker for cell
membrane phospholipid metabolism (Moore and Galloway,
2002). Elevated Cho or Cho=Cr ratios were found in various
studies, and were attributed to changes in myelin, with or
without associated inflammation, in pre-lesional normal-
appearing white matter (Narayana et al., 1998; Tartaglia et al.,
2002), active demyelination and=or inflammation (Arnold
et al., 1990, 1992; Larsson et al., 1991; Narayana et al., 1998),
and remyelination (Narayana, 2005; Sajja et al., 2009) in acute
plaques in MS patients, and membrane degradation=synthe-
ynthesis and glial proliferation in patients with brain tumors
or brain trauma (Garnett et al., 2000; McBride et al., 1995);
these were also seen in a rat model of traumatic brain injury
(Schuhmann et al., 2003). The increase in Cho seen in this
study could be due to cell membrane breakdown and=or
demyelination, mainly in the white matter region, since our
histological data demonstrated myelin loss as evidenced by a
lack of MBP staining in dorsal, lateral, and ventral white-
matter columns. Furthermore, we observed a correlation be-
tween total Cho levels and hyperintense lesion volume as
measured on T2-weighted images, which represents edema
and demyelination in the chronic phase of spinal cord injury
(Narayana et al., 2004). Alternatively, since GFAP-positive
reactive astrocytes were also observed in this study, the in-
crease in Cho levels could also be associated with inflamma-
tion, similar to that found in MS (Arnold et al., 1990, 1992;
Larsson et al., 1991; Narayana et al., 1998).
As described above, both the total Cho levels and hyper-
intense lesion volume results indicate a rostral-caudal asym-
metry in SCI. The recovery in the Cho levels and hyperintense
lesion volume were more marked in the caudal compared to
the rostral segment, which is in agreement with findings of
previous studies (Aimone et al., 2004; Deo et al., 2006; Nar-
ayana et al., 2004). These studies suggest that the better re-
covery seen in the caudal section could be related to
angiogenesis, and thus enhanced endothelial cell survival or
recovery of atrophied neurons within the lesion site and
caudal section. However, in this study we did not find sig-
nificant recovery in NAA or Cr levels, which were related to
neurons and cell density, respectively, in all three segments.
This may suggest that total Cho is a sensitive indicator of
tissue recovery in animal models of traumatic SCI.
We did not investigate the changes in lactate (resonance at
1.33 ppm) and lipid signals at 1.26 and 0.85 ppm because it is
not possible to separate lactate and lipid signals at 1.26 ppm in
short echo time spectra. Although we tried to acquire MR
spectra with long echo time (e.g., 136msec), the low SNR at
long echo time did not allow for reliable data analysis. Fur-
thermore, in spite of the care with which the spectroscopy
voxels were selected, the 0.85 ppm and 1.26 ppm peaks may
be due to contamination from the fatty tissue surrounding the
spinal cord.
Table 2. Ex vivo Histology-Based Volumes in Injured and Control Spinal Cords at the Rostral
and Caudal Segments at 56 Days Post-Injury
Rostral (mm2) Caudal (mm2)
Stain Control Injured p Control Injured p
NF-H 2.57 0.20 1.88 0.35 0.003 2.70 0.32 1.86 0.29 <0.001
MBP 2.56 0.20 1.91 0.37 0.005 2.69 0.32 1.86 0.30 <0.001
GFAP 2.64 0.24 1.97 0.36 0.001 2.73 0.35 1.86 0.27 <0.001
NeuN 2.60 0.35 1.96 0.33 0.002 2.72 0.33 1.86 0.28 <0.001
The p values indicate the level of statistical significance in the differences between the control and injured cords; p< 0.05 are indicated in
bold type.
NF-H, neurofilament-heavy protein; MBP, myelin basic protein; GFAP, glial fibrillary acidic protein; NeuN, neuronal nuclei.
Table 1. In Vivo MRI-Measured Volumes of Injured and Control Spinal Cords at Rostral, Epicenter,
and Caudal Segments at Different Time Points Post-Injury
Volumes (mean SD) of different spinal cord segments (mm3)
Rostral Epicenter Caudal
Post-injury (days) Control Injured p Control Injured p Control Injured p
14 13.00 1.09 12.44 0.76 0.447 13.26 1.00 12.91 1.21 0.670 13.50 0.88 12.93 1.16 0.469
28 13.10 0.91 11.86 1.20 0.128 13.54 1.02 11.25 1.34 0.041 13.49 0.89 11.79 0.98 0.037
56 13.13 0.68 10.89 1.40 0.042 13.42 0.91 10.04 1.89 0.028 13.48 0.77 11.12 1.34 0.030
The p values indicate the level of statistical significance in the differences between the control and injured cords; p< 0.05 are indicated in
bold type.
SD, standard deviation; MRI, magnetic resonance imaging.
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Changes in MRI lesion volume and spinal cord atrophy
after spinal cord injury
The T2-weighted images exhibited hypointense and hy-
perintense signal areas in the injured cord. It has been sug-
gested that depending on the phase of injury (acute, subacute,
or chronic), the hyperintense areas may represent edema and
demyelination, and the hypointense areas may represent
hemorrhage, necrosis, gliosis, and cavitation (Narayana et al.,
2004; Weirich et al., 1990). The reduced hyperintense lesion
volume observed in the epicenter and caudal segments be-
tween 14 and 56 days PI may indicate resolution of edema
and=or remyelination, suggesting partial tissue recovery in
the epicenter and caudal, but not rostral segment, by 56 days
PI. In contrast, the volume of the hypointense lesions did not
vary with time in any of the three segments. The relatively
constant hypointense lesion volume seen at all time points
may be due to confounding effects such as hemorrhage, ne-
crosis, gliosis, and cavitation in those regions. In addition,
significant spinal cord tissue atrophy was observed in rostral,
epicenter, and caudal segments by 56 days PI. It is likely that
the removal of damaged neurons and axonal degenerating
debris by microglia, and repair by reactive astrocytes, are the
main reasons for tissue shrinkage and glial scar formation
(Fawcett and Asher, 1999; Konaka et al., 2003).
The limited SNR in MRS of the spinal cord may hinder
detection of subtle changes in metabolite levels. Unlike in
brain tissue, where themajority of the studies have been done,
the small size and shape of the spinal cord prevents enlarging
the spectroscopic voxel size. This is further aggravated by the
loss of tissue near the epicenter of the injury. Despite these
limitations, we were able to acquire spectra of adequate
quality, as judged by the standard deviation of *10% in the
pooled metabolite levels from six animals. It is possible to
further improve the spectral quality by using higher magnetic
fields. For example, Balla and Faber (Balla and Faber, 2007)
reported high-quality MRS of normal spinal cord at 17.6 T
from a 2-mm3 voxel with a 45-min acquisition time. In our
studies, which were performed at 7 T, the acquisition time for
each voxel was about 9min. The SNR could have been im-
proved by increasing the acquisition time; however, this is not
practical in serial in vivo studies.
In these studies, we observed small lipid peaks at 0.85 ppm
and 1.26 ppm in the control animals from the epicenter and
caudal segments, but not from the rostral segments. The lipid
peaks may be due to contamination by the non-spinal cord
tissue surrounding the spinal cord, even though extreme care
was taken in selecting the ROI. The absence of such contam-
ination in the rostral segment suggests that the ROI in this
area was fully contained within the spinal cord tissue.
In summary, we have demonstrated serial changes of me-
tabolites asmeasured by in vivo 1H-MR spectroscopy, not only
in the epicenter, but also in regions rostral and caudal to the
injury site in experimental SCI. Our results demonstrate that
neuronal and axonal degeneration occurs in areas both rostral
and caudal to the epicenter in SCI. However, by day 56 PI, the
neuronal=axonal loss appeared to have stabilized. A rostral-
caudal asymmetry in tissue recovery was also observed.
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